This paper reviews the pretreatment methods for wheat straw building materials and classifies the main methods according to their characteristics. The results indicate that the steam cooking and steam explosion treatment methods are relatively better than other methods and that particleboard and medium-density fiberboard manufactured using pretreated wheat straw possess correspondingly superior physical and mechanical properties. However, deficiencies in internal bonding, tensile strength, dimensional instability (swelling) and high moisture absorption remain. Thus, the present study proposes improving the pretreatment method and measurement and suggests a future development direction for the pretreatment of wheat straw building materials.
Introduction
In the year 1980, several studies on straw boards were conducted in several countries including America and Canada. 1 In recent times, straw has gained considerable attention due to its potential use as an alternative fiber to replace wood for making composite materials. 2 The first man-made straw plant was built in North Dakota in 1995 by the American company Prime Board. The largest factories with the greatest manufacturing capabilities for straw boards were built in Canada in 1998. Furthermore, in some other countries, straw boards have been extensively studied, and various types of man-made straw products have been produced. 3 Recently, due to the worldwide shortage of forest resources as well as economic and environmental considerations, the demand for non-wood lignocellulose fiber has increased, and factories have increased the use of agricultural residues in the manufacturing of natural fiber boards, such as wheat and rice straw boards. 1, [4] [5] [6] Wheat straw (WS) is an agricultural residue that is composed of several components that are rich in silica and fly ash, such as vessel elements and epidermal and parenchymal cells. 7, 8 It is generally considered necessary to modify straw before using it in the manufacture of natural fiber-reinforced products. 9 Many pretreatment technologies and methods have been investigated for various lignocellulosic feed stocks. The advantages of using pretreatment processes in the production of natural fibers are as follows: reducing the cellulosic heterogeneous structure, increasing the surface area and improving the decomposition of the hemicellulosic and lignin. 10 Generally, pretreatment processes improve the physical and mechanical characteristics, such as increasing the surface area and decreasing the particle size. Furthermore, pretreatment also decreases some of the fiber shortcomings.
The most common pretreatment methods for natural fibers are steam cooking, steam explosion, physical radiation, liquid hot water and chemical treatments. However, some of these methods, such as liquid hot water and steam explosion, decompose or dissolve hemicellulose. 13, 14 In addition, despite its limited elimination of lignin, fiber explosion has several advantages including improving fiber properties. 15, 16 Straw is used extensively and provides convenience in construction. The advantages of straw-based buildings include good thermal insulation and energy savings, earthquake resistance, fire resistance and noise insulation. Straw-based buildings also have the advantages of large output, low cost and a short production cycle. 17 The possibility of replacing conventional building materials such as wood products and asbestos cement with natural fiber-reinforced composites has been widely investigated. Natural fibers were also investigated for continuous fiber reinforcement in cement mortar load-bearing elements, such as roofing tiles, ceiling plates, beams and columns. Natural fibers were used either as discrete fibers mixed in the cement mortar and polymers or as oriented continuous fibers inside the mortar and polymers. 18 Fusheng et al. 19 developed a concrete block filling straw, which has the following advantages: heat preservation performance, low bibulous rate, high freezethaw resistance, fire prevention, energy conservation and environmental protection. Wang and Jiang 20 developed a lightweight cement-based straw fiber foamed material that has a low density, low bibulous rate and good intensity. The combination of mud and discrete straw has long been used for building applications. Straw-reinforced mud bricks were used as traditional building materials. The compressive strength of traditional mud bricks with straw increased when small percentages of basaltic pumice and cement were added to the clay matrix. Natural fibers can be used as reinforcement in either cement or polymer composites; their performance as discontinuous and randomly distributed fibers was investigated in the matrix of cement board applications, wall panels and asbestos-cement fiberboards. [21] [22] [23] Natural fibers have been shown to be successful substitutes for building elements, introducing the advantages of environmental efficiency, light weight, low cost and good insulating properties. However, there is little information available on WS-reinforced loadbearing structures. 24 This study presents a detailed review of pretreatment methods for WS building materials and their effects on the manufactured WS board's characteristics (mechanical and physical properties).
Treatment methods and manufacturing processes for WS Treatment methods for WS
Many pretreatment methods are employed to treat WS, including the steam cooking treatment, steam explosion treatment, physical treatment, chemical treatment and physio-chemical treatment. 25 The bleaching treatment method is an effective method that is commonly used for refining straw with chemical substances and oxidizing and alkaline detectors. 26 Steam cooking pretreatment method. In the steam cooking pretreatment method, a WS sample is first dried in an oven and then placed in a thimble filter tied with a wire to prevent the straw mass from bursting out of the filter. Then, the filter is placed in a cooking cell under steam pressures of 0.2, 0.4, 0.6 and 1.0 MPa for different cooking times based on the pressure. The sample must be weighed before and after the cooking process to calculate the weight loss. Then, the wettability or moisture content (MC) of the treated straw samples can be assessed. Steam cooking aims to decrease the contact angle and improve the WS wettability by removing the wax from the WS surface. Moreover, the WS weight loss is directly proportional to the increase in both the steam pressure and the cooking time. 27 Steam explosion treatment. Steam explosion treatment has an obvious effect on differentiating the cellulosic substances from its main constituents as well as conserving the fiber structure. 28 Moreover, this treatment can simply extrude the lignin from the cell barrier to the fiber surface during the treatment process. 1 Steam explosion WS treatment occurs under different steam explosion situations and various temperatures. The steam temperatures used in this process varied between 190 C and 200 C, and the holding time was between 2 and 3 min. Every 850 g of WS were placed as a batch in the steam room, and the steam temperature was corrected to the required treatment temperature. At the end of the treatment process, the steam was released. Then, the treated WS was collected and pressed to remove the extra water and to decrease the MC to approximately 60%. 29 A higher steam temperature and a longer holding time tend to decrease the size of the straw particles (see Figure 1) . With increasing severity of the steam explosion treatment, fiber packages and small particles increase, while the percentage of large particles decreases. 30 Combined pretreatment. In combined pretreatment, first, the water was heated to reach the pretreatment starting temperature (100 C). Then, the straw was added to a pressure cooker. The temperature inside the pressure cooker must be constant during pretreatment (which lasts 30 min); moreover, the pressure and time inside the pressure cooker increased until the temperature reached 105.7 AE 1 C. This method consists of two treatment stages: hot water treatment (H) directly followed by steam treatment. After the WS was removed from the pressure cooker, it was placed in a mesh basket above the level of the boiled water in the pressure cooker for 30 min to allow steam with a temperature of 100 C to permeate the WS.
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WS ozonation. The fixed bed reactor that was used in the ozonation process of WS was 6.5 cm in diameter and 20 cm high. The ozonation process was conducted by placing the WS on a tray 6.5 cm in diameter and 1.5 cm high inside the reactor. Then, the sample was subjected to various concentrations of ozone and oxygen mixtures at room temperature for varying treatment times of up to 60 min. To increase the WS fineness, the dried mass was placed on a number of sieves with slots of between 1 mm and 0.5 mm, and the mass was distributed according to the sieve slots. The MC of the straw was measured using oven-drying tests. Then, treated WS particles were exposed to temperatures of up to 105 C for 24 h until reaching a stable weight. Figure 2 shows the experimental setup. 32 Alkaline pretreatment. The alkaline pretreatment improves the yield hydrolysis and the manufacturing of methane from biomass materials that are rich in lignin, cellulose and hemicellulose; these components constitute 90% of the dry WS ingredients. Alkaline pretreatment causes several changes in the WS construction and components, such as increasing the surface area, hindering lignin structures and swelling the cellulose. Thus, the alkaline pretreatment improves the cellulose resistance to enzyme attack and develops the carbohydrate dependability. 31, 33, 34 A mild alkali pretreatment was also conducted on WS to compare and evaluate the physical pretreatment. A mild alkali pretreatment was performed on a WS sample to evaluate and compare the physical pretreatment methods. The WS was retreated with 10 kg/g sodium hydroxide solutions for up to 30 min; the treated samples were retained in this solution in an environmental chamber at room temperature and 55% relative humidity. After the completion of the pretreatment process, the treated straw sample was washed and cleaned repeatedly using distilled pure water. 30 Manufacturing process of WS boards
Fiber and particle boards can be manufactured from natural fiber sources and wood sources. The wood species that are used for manufacturing fiber and particle boards are from wood waste materials, such as flakes, particles, sawdust and planer shavings. 35 WS boards can be classified into two types: fiberboard (high-density fiberboard and medium-density fiberboard) and particleboard. WS boards are widely used in the manufacture of furniture, home construction and many other fields. 36 In the manufacture of WS boards, it is very important to use adhesives and binders to bond the fiber and particle components. Urea formaldehyde (UF), phenol-formaldehyde (PF) and soybean adhesives are the most commonly used adhesives in the production of WS boards. 7, 37 Manufacturing and preparing fiberboard. The fibers were made from WS with lengths of 30 mm and 50 mm using a pressured single-disk refiner (350 mm refiner plate diameter). 38 The straw was exposed to a constant amount of steam in pressurized vessels and was then placed on the refiner plate (0.37 mm gap). Table 1 shows the treated fiber dimensions. 27 Then, the fibers were placed in an air cyclic pipeline, and the UF resin was added using a spray gun; the level of UF added depends on the dried weight of the fibers. Next, blended fibers were passed through new pipes with a forming box at the end to form mats that were pressed using a three-phase pressing schedule for 5 min at 130 C to avoid blowing. 6 For the manufacture of medium-density fiberboard, the WS size was reduced, and the dry straw was wetted before starting the refining process and was then refined using a single disc refiner 1 using pressure and horizontal heating. The resin was added to the refined fibers in the flow steam after the ventilation of the refined fibers inside a blow line pipe. Then, the wet, resined fibers were heated in a connected flash tube dryer until the dry content of the fiber mass reached 90%. Figure 3 presents the fiberboard manufacturing flow diagram.
Manufacturing and preparing particleboard. Most of the frequently used particleboards consist of three layers: two face layers that consist of fine particles made of small chips with high resin content and a high compaction ratio and density and one core layer composed of coarse particles. In particleboard manufacturing, various types of resins are added to the straw in varying percentages: 4% methylene diphenyl diisocyanate (MDI), 8% UF and 10% soybean isolate (SPI) or soybean flour (SF) as usage amounts. When adding the UF resin, 1% of ammonium sulfate was added to the mix as a curing catalyst depending on the solid resin quantity. The straw and adhesive composite was mixed for 10 min using a paddle mixer. Before forming the particleboards, the straw with SPI and SF was dried at room temperature until the dry content reached 90%; then, the straw was placed under heat and pressure in an aluminum mold (35.56 cm Â 35.56 cm) equipped with points to maintain the particleboard size. Finally, when the required thickness of the particleboard had been obtained, the remaining boards were cut into various sizes for evaluation. 25, 39 Figure 4 presents the particleboard manufacturing flow diagram.
WS board properties
In the present study, we comprehensively reviewed the properties of WS boards in terms of the modulus of rupture (MOR), modulus of elasticity (MOE), impact strength (IS), thickness swelling (TS), bending strength, tensile strength (TSH) and internal bond (IB).
Mechanical properties of WS boards
Using methylene diphenyl in the manufacturing of particleboards results in better mechanical properties compared with using the other adhesives; moreover, particleboards made from raw WS using UF resin have much better mechanical properties compare with those produced using pretreated WS. 31, 36 However, the TS and IB strengths showed no differences when using UF, SF or SPI resins. MDI increases the surface wettability for WS and improves the chemical bonding through other bonds, such as hydrogen bonds and polyurethane covalent bonds. 9 In addition, the MDI isocyanate groups reacted with water in the straw to produce cross-linked polyureas that further improved the mechanical bonding. 40 However, this phenomenon does not occur with water-based adhesives due to the hydrophobic wax and inorganic silica on the straw surface. 41 Comparing the mechanical properties of particleboards made from raw WS with those made from bleached WS, the bleached straw particleboards showed higher mechanical properties. Moreover, the particleboards made with SPI resin showed superior IB and MOR than those made with raw straw. Moreover, variances were observed in MOE and IB between using UF resin and SPI resin in the manufacturing of particleboards. This variation was not shown for the other properties (MOR and TS) for the same resins. Furthermore, particleboards with the SF resin showed similar mechanical strength to those with UF resin when using bleached straw. 42 Figure 5 shows the effects of bleaching and the type of resin on the mechanical properties of manufactured WS boards. For medium-density particleboard with treated WS, the average percentage increase for most adhesive types was 43.2% for TS, 57.3% for MOR, 25.3% for MOE and 101.6% for IB.
Good bonding can be obtained by improving the chemical bonding and the mechanical bonding of the protein adhesives that form a protein aggregate that adheres to the straw microstructure. 43 The IB strength of the manufactured straw medium density fiber (SMDF) as a function of average density shows that the mechanical properties of medium density fiberboard (MDF) rely to some extent on the average density and the amount of UF resin added. 1, 44 The straw-based MDF increased the number of focal points between the fibers, thus increasing the IB of the resinated fiber as well as the density of the produced MDF. 1 The effects of the resin type on some properties of the produced panels are clearly shown in Figure 6 . Moreover, the straw panels that were bonded using PF resin show superior mechanical properties compared with those made using tannin-modified PF (see Table 2 ).
For PF resin and tannin-modified PF resin, the average MOR values were 18.3 and 13.7 MPa, while the average MOE values were 3063 to 2073 MPa, respectively; however, the IB values remained approximately constant for a press time of 12 min. 45 The minimum values that are permitted for general use of particleboard panels in accordance with the EN standard are an MOR of 11.5 MPa and an MOE of 1600 MPa. Furthermore, the minimum permitted IB values for panels according to the EN requirements are 0.24 MPa for general purpose, 0.35 MPa for internal fitments and 0.50 MPa for load-bearing elements. 46, 47 Generally, the panel's mechanical properties are directly proportional to the press time during the manufacturing process. In addition, crushed and milled straw helps the resin to penetrate into the stem improving the mechanical properties by increasing the particle bonds. 48, 49 Moreover, the mixing ratio and press temperature of the fibers significantly affect the mechanical properties (MOR, MOE, IB and IS) of the boards; the boards that are made with a high press temperature (170 C) showed better properties than those made at a low press temperature (140 C) (see Table 3 ). 8 As the WS content of the manufactured boards increased, the MOR values significantly decreased, while the MOE values increased. 3 As previously mentioned, the mechanical properties, particularly IB and IS, improved as the press temperature increased from 140 C to 170 C. Moreover, the IB and IS of the WS decreased dramatically at a confidence level of 95%, which can be explained by the decreased bonding ability due to the weakness of the WS. 45 The alkali pretreatment of WS negatively affects the structural stiffness and destroys the raw material; therefore, this pretreatment somewhat affects the MOE and MOR of the WS board. The MOR and MOE values of the treated boards significantly decreased, while the IB increased because the alkaline environment removes the wax from the WS surface, improving its wettability and bonding. 13 Mixed straw/wood particleboards with different straw/wood ratios (0/100%, 25/75%, 50/50%, 75/25% and 100/0%) were tested, as shown in Figure 7 (a). This figure indicates that with increasing straw fiber loading, the MOE decreased from 2139 MPa to 1723 MPa, the MOR decreased from 13.64 MPa to 9.51 MPa, the IB strength decreased from 1.04 MPa to 0.03 MPa, the TS increased from 12.2% to 38.0% and the water absorption (WA) increased from 18.4% to 80.9%. The boards that were manufactured from raw WS show low IB and bending properties and high values of TS and W. 50 The bending strength of the WS boards was improved when modifying the straw using steam explosion pretreatment. Moreover, the boards that were manufactured from straw treated at 190 C for 2 min had MOR and MOE values that were approximately two times higher than those of the control. Figure 7(b) shows the properties of the WS particleboards under various conditions of the steam explosion treatment. 50 The mechanical properties of WS MDF were tested, and the following values were obtained: initial MC ¼ 22.5%, press temperature ¼ 170 C, press time-¼ 10-18 min, average density ¼ 0.769 g/cm 3 51 The average length and diameter of the manufactured fibers with both chemical and mechanical pretreatments differed significantly; the mechanically processed fibers were shorter with larger diameters than the chemically processed ones. Approximately 80% of the chemically processed fibers were characterized by lengths ranging between 1.5 mm and 3.5 mm, and 60% of the mechanically processed fibers had lengths ranging between 0.5 and 2.0 mm. The diameter, length, TSH and MOE of the WS fibers treated with chemical and mechanical processes are shown in Table 4 .
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The WS MDF properties were much greater than those of particleboard; this was clearly illustrated in the IB values of the MDF, which were approximately 10 times those of the particleboard. 27 The measured WS TSH, shear strength and MOE values varied; Figure 8 shows the ranges of the measured values. 24 
Physical properties of WS boards
The correlations among the physical properties of WS have been discusses in many previous studies.
Moreover, WA and TS values were obtained according to the requirements of EN 312-4. The TS extreme value of the particleboards for 2 h of immersion was 8%, whereas the TS requirement for 24 h of immersion is 15%. The TS extreme value of particleboards for 2 h of immersion was 8%, whereas the TS requirement for 24 h of immersion is 15%. Figure 9 shows the WA and TS results for 2 h and 24 h of immersion for the experimental panels. 53 Several factors affect the WA and TS, including the type of fiber, press temperature, bond quality and adhesive features. The WA of the WS boards increased with an increasing number of particles. 54 The TS of the WS particleboards was high compared with that of the fiberboards; this trait resulted from the large surface area of the particles. Therefore, none of the boards meet the requirements for general use. When the WS Figure 7 . (a) IB strength at various straw loading levels for mixed straw and wood particleboard and (b) IB strength of straw particleboard with various treatments. MDI: methylene diphenyl diisocyanate; UF: urea formaldehyde. content increased, the TS values increase. The effects of the WS board types on the physical properties are presented in Figure 10 .
55
Particleboard revealed sponge-like characteristics when using UF and soybean-based adhesives. An increase in the WA of the particleboards was observed for the cases using MDI, UF, SPI and SF resins. Moreover, the particleboards made from bleached WS using MDI and SPI resins showed decreasing WA compared with those made from raw straw after 24 h of soaking. Generally, the chemical pretreatment of the straw does not considerably impact the TS of the particleboard. However, the values of TS and WA for WS particleboards tend to increase with soybean-based adhesives due to their sensitivity to hydrogen bonds. Using SF creates particleboard with the highest WA and TS values due to the weakness of the bonding strength and the high fiber and carbohydrate contents, making the board rich in hydroxyl groups. 25 Utilization of natural fiber in building and construction application
There was an increase in the development of high-performance natural materials composites globally due to the issues regarding renewable resources, the environmental and sustainability issues. The field of material science has made significant contributions in developing and improving bio-composites through extensive studies. 56 Natural fibers used in reinforcing the concrete and cementitious material have been divided into three types: animal based, mineral derived and plant based fibers. 57 The plant fibers have been divided into two sources of plants, primary plants and secondary plants, depending on their application. Primary plants can be defined as those plants that are grown only for their fiber content, such as jute, hemp, cotton, flax, kenaf and sisal, while secondary plants are those in which the fibers are an ancillary product, such as pineapple, oil palm and coir. 50 WS is an important agricultural residues that has been used widely as a raw material in many industries and in the production of composite materials. 58 WS consists of cellulose fibers, hemicelluloses, lignin and more ash and extrusion materials. It also contains silica and a light layer of wax on its outer surface which prevents or reduces the bonding between the WS and the adhesive. 59 WS is an agro-derived material that has numerous uses, such as in polymer composites and clay reinforced materials. 60, 61 Adding WS to clay as a composite showed positive effect on flexural modulus, and to some extent reduce the WA resistance. Moreover, WS is also used as filler in high-density polyethylene (HDPE)-based composites after a pretreatment process to improve the bonding process between WS and clay composite. 62 WS as a natural reinforcement fiber has many applications in buildings and construction, such as the insulation of earth plaster for straw bale buildings. 63 Furthermore, it used to improving the thermal insulation and reducing the thermal conductivity in plaster materials and mud bricks. 63, [64] [65] [66] [67] Recent advanced research shown the necessity of renewable material sources as an alternative to the conventional building materials. Natural fibers are considered as appropriate alternative material to be use in various applications including their use as a reinforcing material in building and construction applications. 68, 69 These fibers may be able to produce high performance composite based clay matrix, 70 cement 71, 72 and lime or polymer matrix. 73 In construction industry there were some potential utilization of natural fibers reinforced material, such as the ground improvement in shortterm and sustainability in construction considering the biodegradation of the plant fibers. 74 Banana fiber achieves a effect by increasing the internal strength when it used as reinforcement to the compressed earth blocks. Furthermore, significant improvement has been shown in compressive strength for the reinforced blocks with banana fibers compared with the unreinforced one. 75 In addition, Kenaf plant fiber is used in fiber-reinforced concrete to enhance the concrete mechanical properties. 76 The major advantage of natural fiber-reinforced concrete and cementitious material can be summarized in the following points:
Reduced the dependence on non-renewable material sources, low specific mass, low cost and availability, 77 lower pollutant emissions, lower greenhouse gas emissions and reduce the consumption of energy. 78 The flexural properties were also improved, 79, 80 along with impact strength, 82, 83 fracture toughness, 80,83 crack resistance 84, 85 and fatigue behavior 86 of such cement and concrete composites. 87 Moreover, reinforcing the cementitious materials with natural fiber showed post cracking, possibly allowing more intensive use of these composites in building materials. 88 The greatest disadvantages of using natural fibers in building and construction are; the poor compatibility between fiber and matrix, dimensional instability (swelling), 89 high moisture absorption, [90] [91] [92] biological degradation of the fiber 74, 93 and reduced workability of cement composites. 94 Moreover, the weak resistance of the fiber in the alkaline-mineral environment of Portland cement composites had bad effect on the durability and may accelerates the failure of the composite.
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Conclusions
1. This review paper showed that boards that are made from treated WS showed superior mechanical properties compared with those made from raw WS. However, the raw WS particleboards that were produced using UF resin featured a high MOE compared with those using SF and SPI resins. Therefore, all of these pretreatment methods need to be improved. Thus, the present study proposed a new pretreatment method. 2. Despite the positive effects of pretreating WS and adding resin on the properties of the manufactured boards, the treatment and manufacturing processes require significant time, effort and money. This is particularly evident when using WS fiber as a natural fiber composite in buildings and construction. Moreover, the drawbacks of the physical and mechanical properties of WS boards are low internal bonding, low TSH, dimensional instability (swelling) and high moisture absorption.
